We have carried out an extensive set of tests on solution-gas drive for a heavy oil to study the effects of initial water saturation, temperature, and gas-oil ratio (GOR). The viscosity and the API gravity of the stock-tank oil from Hamaca field (in Venezuela) used in our tests are 560,000 cp (at 24°C) and 8.7, respectively. The solution-gas drive tests were conducted using live oils with solution GOR of 6.5, 9.0, and 12.2 (vol/vol at standard conditions). In two tests, initial water saturations of 4.0 and 5.2% were established. Five tests were conducted at a temperature of 35°C; one test was conducted at 46°C. The duration for each test was approximately 3 months. The following conclusions are drawn based on the results from all the tests. Initial water saturation decreases gas-bubble density. The recovery efficiency decreases because of an increase in gas mobility with increase in initial water saturation. As the temperature increases from 35 to 46°C, the gas relative permeability increases one order of magnitude, which in turn results in a reduction of recovery efficiency. The temperature effect on recovery is in agreement with our previous work with temperature increase from 24 to 35°C. Increase in solution GOR has a significant effect on the gas-bubble nucleation process, mainly because of change in interfacial tension. For all the tests conducted, the oil recovery by solution-gas drive at test termination was approximately 16% and higher.
Introduction
Solution-gas drive from some heavy oil reservoirs in Canada, Venezuela, and more recently in China 1 has shown efficient recovery. There is a wide range of opinions on the unexpected recovery efficiency. In an overview paper on the subject, 2 we have argued that the high recovery efficiency may be the result of high oil viscosity. From a practical point of view for reservoir engineering applications, one can divide the existing models into two categories. In the pseudosingle-phase model, 3 two groups of parameters govern the efficiency of solution-gas drive: 1) compressibility and viscosity, and 2) parameters of the nonequilibrium phenomenon. In another approach, the conventional two-phase flow model is suggested 4, 5 wherein gas-and oil-phase relative permeabilities and oil viscosity govern the phase mobilities. In the latter, an attempt is made to reduce the nonequilibrium phenomena in the laboratory measurements to apply the results to reservoir conditions where there may exist small supersaturation away from the wellbore.
In the past, we have mainly studied gas and oil relative permeabilities for heavy oils using a constant GOR without the initial water saturation. We have also limited our measurements to two temperatures of approximately 24 and 35°C. In this work, we present the results of a comprehensive study on the effect of initial water saturation, solution GOR, and temperature. We used Hamaca stock-tank crude (from Venezuela) and mixed it with methane in various proportions to obtain GOR values of 6.5, 9.0, and 12.2 vol/vol (at standard conditions). Five different tests were conducted at T‫°53ס‬C, and one test at T‫°64ס‬C. The temperature of 46°C is close to the reservoir temperature of 49°C. In this paper, we will first present the experimental setup and the depletion procedure, followed by the experimental results. In the last part of the paper, we will discuss the results, followed by a number of conclusions.
Experimental
Live Oil. Stock-tank Hamaca crude from Venezuela with an API gravity of 8.75 and an oil viscosity of 560,000 cp (at T‫°42ס‬C) was used to prepare live oil samples by mixing it with methane (CH 4 ) at various GORs from 6.5 to 12.2 vol/vol (at atmospheric pressure and T‫°42ס‬C). The water content in the oil sample is assumed as zero because we did not detect water visibly by heating the oil sample at 90°C for 8 hours. A high-pressure cylinder was used to prepare live oil. The stock-tank oil was transferred into the cylinder first from an open end. Then the cylinder was subjected to a vacuum at room temperature for at least 3 hours to remove air before the gas was injected from a high-pressure gas container. Removal of light components from crude oil was negligible during vacuum because of high oil viscosity at room temperature. The cylinder containing the proper GOR mixture was gradually pressurized from approximately 300 psia to a pressure of 3,000 psia (by water injection from water section) while it was turned upside down every 2 hours in the first 5 days. The rotation frequency was later reduced to every 10 hours. The cylinder was also heated at approximately 130 to 150°F for the first 10 days to speed up the mixing process. The oil/gas mixing process lasted for more than 1 month to ensure complete dissolution of methane in the heavy oil.
To ensure further uniformity of the mixture, four to five oil samples (each approximately 15 to 20 cm 3 ) were taken from the cylinder to measure the solution GOR before it was used to saturate the sandpack. The first sample was not considered because it usually had a low GOR due to dead volume in the end cap and tubings. When the average value of the measured solution GOR was close to the designated value, we assumed that the live oil was ready to use. The uniformity of the solution GOR of the live oil was also examined during the oil-injection process. Several oil samples were taken during oil injection at volumes of approximately 200, 500, and 800 cm 3 to further measure the solution GOR. The measured solution GOR from the production side was close to that before injection after 800 cm 3 of oil injection, confirming that the oil was uniform. We paid special attention to the oil uniformity because it affects the depletion process, especially on pressure evolution.
The viscosity of live oils was measured using a capillary viscometer comprised of capillary tubing with an inner diameter of 1.5 mm. The viscosity of live oil with GOR‫5.6ס‬ vol/vol was measured at T‫,52ס‬ 35, and 46°C; the viscosity of the live oils with GOR‫0.9ס‬ and 12.2 vol/vol was measured at T‫°53ס‬C. Distilled water with a viscosity of 1 cp at room temperature was used to calibrate the capillary viscometer. The live oil was injected through the capillary viscometer at a rate of 30 cm 3 /hr and the outlet pressure remained approximately 300 to 500 psia higher than the bubblepoint pressure of the live oil samples. The bubblepoint pressure was estimated using the ISCO pump at test temperature. Table 1 lists relevant properties of the Hamaca crude.
Sandpack. Clean Ottawa sands with a grain size of 212 to 355 m were used to prepare the sandpack. The sands were packed inside of a special coreholder consisting of transparent tubing with an inside diameter of 6.35 cm and a length of about 60.0 cm and two aluminum-cap assembles. The total height of the sandpacks was approximately 52.0 to 54.0 cm. At each end of the sandpack, there was a 1.5-cm layer of coarse sand with grain size of 600 to 800 m. A stainless steel screen with an opening of 425 m was used to cover the coarse sand layer at each end. The coarse-sand layers and stainless steel screens were used to prevent sand production and gas holdup at the outlet. The sandpack assembly was tested for leaking using normal decane (nC 10 ) by gradually increasing the pressure to 1,000 psia. At this pressure, the system was examined overnight to check leakage. The porosity and absolute permeability were measured using normal decane (or water). The measured porosity was approximately 33.5 to 35.6%, and the measured absolute permeability was approximately 6.5 to 13.7 darcy, in different tests. Four sandpacks were prepared in different tests using the same procedure to reduce heterogeneity. Relevant data for the sandpacks presented in Table 2 indicate that the sandpack properties are similar to each other.
Experimental Setup. A schematic of the experimental setup is shown in Fig. 1 ; the main component is the visual coreholder (containing the sandpack). The coreholder was placed on a support that allows rotation up to 180°along its middle and its center. In this work, the coreholder was positioned vertically and the fluid(s) was (were) produced from the top; the inlet bottom was closed in all the tests. The visual window with a volume of 11.2 cm 3 at the top of the sandpack allows observation of the start of gas flow from the sandpack. An ISCO pump (pump A) that connects to the outlet of the coreholder was used to control the depletion by setting the piston in the expansion mode at a constant rate. At each end of the coreholder, there was a pressure transducer that was used to measure the bottom and top pressures of the core. Two differential pressure transducers were mounted at the middle of the coreholder to measure the pressure drop (gravity was excluded) across the core. The coreholder, the pressure transducers, and the ISCO-A pump were placed in an air bath that provided a constant temperature with an accuracy of ±0.1°C. Two thermal sensors were mounted at the top and bottom of the coreholder to measure and control bath temperature through a computer using the LabView software. The high-pressure cylinder that was used for preparing the live oil was placed outside the air bath for oil injection. Its bottom (oil section) was connected to the coreholder and its top (water section) was connected to another ISCO pump (pump B). Pump B was mainly used for live oil injection. A gas/oil separator was installed outside the air bath to measure the gas and oil production when the gas began to flow from the window. Several valves were installed between the gas/oil separator, pump A, and the coreholder to measure the gas and oil production. A computer was used to acquire and store the pressure and temperature data automatically.
Experimental Procedure. Injection of Live Oil. Upon completion of a test, or with a core 100% saturated with normal decane (for a new sandpack), the coreholder was rotated 180°with the window at the bottom. The valve connected to the high-pressure cylinder and inlet of the coreholder (bottom) was then opened to allow the live oil (fresh) to flow into the coreholder. Live oil injection was controlled with pump B. The outlet of the coreholder (top) was connected to pump A. The pressure of the coreholder was raised to approximately 300 psia higher than the bubblepoint pressure of the injected live oil. Next, pump A was put on the withdrawal mode while the valve that connects it to the coreholder was opened. In this process, the outlet pressure (top) remained 300 psia higher than the bubblepoint pressure of the injected live oil. Two pore volumes of live oil (fresh) were injected into the core. At the end of saturating the core, the coreholder was rotated 180°a gain to place the window at the top. In establishing the initial oil saturation, we took special care to avoid any gas even in the form of gas pockets in the coreholder before the depletion test. Pressure measurements over a 1-to 2-day period showed no downward trend indicating single-oil phase.
Establishment of Initial Water Saturation. We began with a new sandpack, which was under vacuum for approximately 4 hours before saturating it with water (0.1% NaCl). The permeability to water and the pore volume of the sandpack were measured 2 days later. After that, the live oil was injected from the top of the coreholder at a rate of 5 cm 3 /hr (approximately 0.2 PV/day). The displacement was gravity-stable. After 1.2 to 1.3 PV oil injection, there was no measurable water production. The total oil injection was approximately 2 PV. The produced water volume was used to estimate initial water saturation. The established initial water saturation in this work was approximately 4.0% for Test 9 and 5.2%
for Test 8. We assume the initial water saturation is uniformly distributed across the core and is no longer mobile.
Depletion Test. For a core saturated with live oil, the depletion test was always initiated at a pressure that was approximately 100 to 200 psia higher than the bubblepoint pressure of the live oil in the core. The bottom valve of the coreholder was closed and the top valve to pump A was opened. Pump A was set on withdrawal mode to allow the depletion process. The initial withdrawal rate of pump A (volume expansion rate) was 2 cm of gas production were estimated by reading from the visual window at the top of the coreholder. When the gas began to flow out from the window's outlet, the gas and oil production rates were measured using pump A and the gas/oil separator. Each time when measuring the gas and oil production, the valve between the coreholder and pump A was closed to keep the pore pressure constant.
A digital camera was used to record the gas-bubble distribution on the surface of the coreholder at different depletion stages. Because Hamaca oil is very viscous and dark black, the gas-flow pattern from the core to the window could not be recorded using the video camera.
For each test, the total expansion volume was approximately 220 to 240 cm 3 and the test duration was approximately 3 months. At the end of each test, the pump was stopped for 24 to 48 hours to measure supersaturation in the core. A total of 6 tests are presented in this work. Table 3 lists test conditions, critical gas saturation (S gc ), and oil recovery (R o ) at test termination.
Results
Six depletion tests (Tests 7 through 12) are reported. Test 7 (GOR‫5.6ס‬ vol/vol at S wi ‫0ס‬ and T‫°53ס‬C) was performed first to establish a reference in this work. From Tests 8 through 12, we changed one parameter such as initial water saturation, temperature, or solution GOR at a time. The effects of temperature, initial water saturation, and solution GOR on cold production efficiency are studied. In a previous work we have reported the results for Tests 1 through 6 (Tang and Firoozabadi 5 ). In that work, we studied the cold production efficiency for a heavy crude and a viscous silicone oil and proposed a mathematical model to estimate gas and oil relative permeabilities for solution-gas drive in heavyoil systems.
Effect of Initial Water Saturation.
In this section, we discuss the results for Tests 7, 8, and 9. There was no initial water saturation in Test 7. Tests 8 and 9 were conducted at S wi ‫%2.5ס‬ and S wi ‫,%0.4ס‬ respectively; the solution GOR‫5.6ס‬ vol/vol and the temperature was 35°C for these three tests. Because the results for Tests 8 and 9 are close, we only present and discuss the results from Test 8 in detail.
Pressure Evolution and Gas-Bubble Behavior. Test 7 (S wi ‫)0ס‬ and Test 8 (S wi ‫)%2.5ס‬ started at p initial ‫585ס‬ psia with an initial expansion rate of 2 cm 3 /day. Fig. 2 shows the pressure data for these two tests. In the regime of single-phase flow, the pressure for Test 8 decreased at a rate of 54 psi/day until it reached the criticalsupersaturation pressure. The pressure-decline rate for Test 7 was approximately 60 psi/day. The lower pressure-decline rate for Test 8 may be due to a higher compressibility of the sandpack. The critical-supersaturation pressure was 339 psia for Test 7 and 332 psia for Test 8. At the critical-supersaturation pressure, the pressure remained constant for approximately 6 to 8 hours. The supersaturation pressure was estimated to be Ն27 psi for Test 7 and Ն20 psi for Test 8. Therefore, the effect of initial water saturation on supersaturation pressure is small.
When the expansion volume (⌬V) was less than 0.07 PV, the pressure evolution for Tests 7 and 8 was similar. Thereafter, the pressure decreased faster for Test 8, and the difference in the pressure between Tests 7 and 8 gradually increased with expansion volume. At the termination of these two tests (⌬VӍ0.36 PV), the pressure in the core for Test 8 was only 82 psia, but it was approximately 120 psia for Test 7. Therefore, the gas mobility is higher for the core with the initial water saturation. No supersaturation was detected at the end of Tests 7, 8, and 9.
The pressure evolution behavior was consistent with the observations from the surface of the coreholder. The first gas bubble was observed at a pressure of 339 psia for Test 7 and at 333 psia for Test 8. This suggests that the critical-supersaturation pressure was not significantly influenced by initial water saturation. However, the increase in gas-bubble density on the surface of the coreholder was different for Tests 7 and 8. For Test 8, the first gas bubble appeared on the upper surface of the coreholder; the gas bubbles gradually appeared from top to bottom, implying that the nucleation rate was slow with the initial water saturation. The total gas-bubble number was approximately 5 at ⌬V‫810.0ס‬ PV, 30 at ⌬V‫120.0ס‬ PV, and 340 at ⌬V‫520.0ס‬ PV. Later, the gas-bubble distribution on the surface of the coreholder became uniform, and bubble density was approximately 1 to 2 per square centimeter. For Test 7, after the first gas bubble was observed on the surfaces of the coreholder, gas bubbles appeared on the surface across the coreholder with a random and quick pace. The total gas bubbles were approximately 30 at ⌬V‫710.0ס‬ PV, 400 at ⌬V‫910.0ס‬ PV, and approximately 4,000 at ⌬V‫320.0ס‬ PV. The bubble formation in this case is the instantaneous nucleation. 6 At the end of Test 7, the gas bubble density was approximately 7 to 8 per squared centimeter. The gas bubbles were uniformly distributed on the surface of the coreholder. Fig. 3 shows gas-bubble distribution on the surface of the coreholder for Tests 7 and 8 at ⌬V‫,50.0ס‬ 0.07, and 0.26 PV. The section of the core selected for the pictures in Fig. 3 is in the middle part of the coreholder with a height of approximately 14 cm. Clearly, at ⌬V‫62.0ס‬ PV and other expansion volumes, the average gas-bubble density for Test 7 is greater than that for Test 8; some of the gas bubbles for Test 8 were perhaps more connected than in Test 7 at ⌬V‫62.0ס‬ PV. The patterns of nucleation, growth, and coalescence of gas bubbles vs. expansion volume were similar to those in our previous work.
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Differential Pressure. Fig. 4 presents the differential pressure data for Tests 7 (solid line) and 8 (dashed line with symbol cross). The differential pressure in single-phase flow was 0.38 psi for Test 7 and approximately 0.9 psi for Test 8. Note that the higher differential pressure in single-phase flow regime for Test 8 was due to (1) low effective permeability induced by the initial water saturation and (2) low absolute permeability of the core. The absolute permeability was 13.7 darcy for Test 7 and 7.4 darcy for Test 8. The differential pressure after gas evolution in the core for Test 7 was in line with our previous work. 5 It increased quickly as soon as the gas bubbles appeared on the surface and then remained nearly constant until the gas bubbles began to flow out of the core. The differential pressure began to fluctuate after the gas bubbles flowed out of the core, indicating that the gas flow is intermittent. For Test 8, the differential pressure after the gas phase evolution in the core behaved somewhat differently for ⌬V<0.05 PV; it decreased from 0.9 psi to approximately 0.73 psi first, and then increased continuously to 1.3 psi (at ⌬V‫50.0ס‬ PV) until gas began to flow out of the core. This behavior was different from Test 7 and all of our previous tests with zero initial water saturation. 5 We repeated Test 8; the pressure drop had the same behavior for the duplicate test (Test 9). The early differential pressure behavior may be related to the gas-bubble nucleation process and supersaturation. As mentioned above, the gas-bubble nucleation was initiated at the top, and then gradually developed from the top to the bottom for Test 8 (also for Test 9). Slightly higher gas-bubble density at the top of the coreholder can result in a nonuniform pressure evolution initially. Kumar et al. 7 observed a similar behavior. The differential pressure behavior after gas began to flow out of the core was similar for Tests 7 and 8; it began to fluctuate at ⌬VӍ0.07 PV. Increase in amplitude of the fluctuations in differential pressure was observed for both tests, suggesting an increase in the size of flowing gas-bubble string. The average differential pressure was approximately 0.51 psi for Test 7 and approximately 0.95 psi for Test 8 after gas became mobile, indicating that the oil viscosity did not decrease after evolution of gas bubbles. Oil and Gas Production. Critical gas saturation plays an important role in solution-gas drive of heavy-oil reservoirs. In this work, the expansion volume at which the first gas bubble was observed from the surface of the coreholder and at which the gas began to flow out of the core were used to determine the critical gas saturation. Because the Hamaca oil is very viscous and black, the observation of the gas flow from the visual window was not clear in the first day (corresponding to an expansion volume of 2 cm 3 ). However, flow of gas from the core is usually evidenced by a wild fluctuation in differential pressure. 5 The increase in amplitude of differential pressure fluctuation can be used to estimate the critical-gas saturation.
In Fig. 5 , we show oil recovery vs. expansion volume for Tests 7 and 8. In this figure, the points (on the recovery plot) at which the gas began to flow out of the core are approximately 8.2% for Test 7 and 6.7% for Test 8. These two points are estimated using the initial pressure fluctuations and the appearance of the gas in the visual window at the top of the coreholder. The critical gas saturation (S gc ) is estimated to be S gc Ӎ6.5% for Test 7 and S gc Ӎ5.0% for Test 8. The estimated S gc is approximately 5.3% for Test 9, which is close to that for Test 8. As Fig. 5 Figs. 6a and 6b show the rate and relative permeability for Tests 7 and 8, respectively. These figures show that the initial water saturation caused an increase in gas mobility and a decrease in oil mobility.
Effect of Temperature. Test 10 was performed at T‫°64ס‬C. The solution GOR of the live oil was 6.5 vol/vol and the initial water saturation was zero. This test was designed to further study the effect of temperature on cold production efficiency. Tang and Firoozabadi 5 studied previously the effect of temperature on cold production of a heavy crude, with API gravity of 9 and viscosity of 85,000 cp at T‫°42ס‬C, by performing tests at T‫42ס‬ and 35°C. In this work, we increased test temperature to 46°C, which is close to the reservoir temperature (49°C). In the following, we compare the experimental data for Tests 7 and 10.
Pressure Evolution and Gas-Bubble Behavior. Fig. 7 depicts the pressure evolution for Tests 7 and 10; both tests started at p initial ‫585ס‬ psia at an initial expansion rate of 2 cm 3 /day. In the single-phase flow regime, the pressure decline rate for Test 10 was less than that for Test 7. It was approximately 56 psi/day for Test 10 and approximately 60 psi/day for Test 7. The criticalsupersaturation pressure was 379 psia for Test 10 and 339 psia for Test 7, demonstrating the temperature effect. The pressure for Test 10 rebounded to 393 psia in approximately 10 hours. Therefore, the supersaturation in pressure was Ն24 psi, which was nearly the same as that for Test 7. This result indicates that the temperature may not affect supersaturation. After the pressure rebound, the pressure began to decline at a relatively low rate for both Tests 7 and 10. The gas bubbles were observed from the surface of the coreholder at a higher pressure for Test 10 due to a higher bubblepoint pressure, and therefore, the pressure for Test 10 was higher at the earlier period of two-phase (gas and oil) flow regime (⌬V<0.2 PV). The pressure decline rate after gas evolution in the core was slightly greater for Test 10, indicating higher gas mobility in the core. At the end of the test, the pressure was 110 psia for Test 10 and 120 psia for Test 7. No supersaturation was detected at the end of Test 10.
Similar to pressure data, gas-bubble nucleation for Tests 7 and 10 was also similar. For Test 10, the first gas bubble was observed on the upper surface of the coreholder at p‫973ס‬ psia. Thereafter, the gas bubbles appeared on the surface randomly, from bottom to top of the surface. Because the behavior of gas-bubble nucleation, growth, and coalescence for Test 10 was similar to Test 7, we will not discuss gas-bubble behavior for the sake of brevity. The gasbubble density at the end of Test 10 was approximately 6 to 7 bubbles per square centimeter, slightly less than that for Test 7. Fig. 8 presents the gas-bubble density on the surface of the coreholder at ⌬V‫62.0ס‬ PV for Tests 7 and 10. This figure shows that the difference in gas-bubble distribution between the two tests is small. Differential Pressure. The differential pressure for Test 10 (dash line with symbol cross) was initially higher than that for Test 7 (solid line) due to the combined effect of lower oil viscosity and lower core permeability for Test 10 (Fig. 9) . The decrease in oil viscosity from 54,500 to 22,000 cp caused by temperature increase reduces differential pressure, and the decrease in absolute permeability of the core from 13.7 to 7.9 darcy tends to increase differential pressure. The differential pressure was 0.38 psi for Test 7 and 0.43 psi for Test 10 in the single-phase flow regime. For Test 10, the differential pressure increased from 0.43 to 0.75 psi quickly after the gas phase evolved in the core. The increase in differential pressure for Test 10 was greater than that for Test 7. When the gas began to flow out of the core at the expansion volume of 0.085 PV, the differential pressure for Test 10 began to fluctuate, which was similar to Test 7. In the subsequent periods of the depletion, the pattern of differential pressure fluctuation due to gas flow in the core was similar for Tests 7 and 10. The average differential pressure in the two-phase flow for Test 10 was in the range of 0.55 to 0.6 psi, and for Test 7 was 0.6 to 0.65 psi. These pressure drops are greater than those in single-oil phase flow, in line with our previous results.
Gas and Oil Production. Oil recovery for Tests 7 and 10 is presented in Fig. 10 . For both tests, gas was first observed at ⌬V‫410.0ס‬ to 0.016 PV and began to flow out of the core at ⌬V‫ס‬ 0.084 to 0.086 PV. The critical-gas saturation was approximately 6.3 to 6.5% for these two tests. Apparently, the temperature does not affect critical-gas saturation in the range of these two tests. Between ⌬V‫580.0ס‬ and 0.12 PV, the recovery for Tests 7 and 10 was identical. Thereafter, the oil recovery efficiency for Test 10 was lower than that for Test 7, showing a temperature effect on cold production. This effect may be related to the change in gas and oil relative permeability caused by reduced oil viscosity through the temperature increase. The relevant data of gas and oil production rates and gas and oil relative permeabilities are depicted in Figs. 11 and 12 , respectively. After gas broke through the core, the oil production rate for Test 10 was lower than that for Test 7, and the gas production rate for Test 10 was higher than that for Test 7. The gas relative permeability for Test 10 was approximately 1.0×10 -6 at S g Ӎ13%. This value is approximately one order of magnitude greater than that for Test 7 at the same gas saturation. Correspondingly, the oil relative permeability for Test 10 decreased quickly for S g >10%. These results are in agreement with our previous study, when the test temperature was increased from 24 to 35°C.
Effect of Solution GOR. Using Test 7 as the basis, Test 11 (GOR‫0.9ס‬ vol/vol) and Test 12 (GOR‫2.21ס‬ vol/vol) were performed to study the effect of solution GOR on cold production efficiency. The initial water saturation was zero, and the temperature was 35°C for these two tests.
Pressure Evolution and Gas-Bubble Behavior. The pressure evolution for Tests 7, 11, and 12 is significantly different (see Fig. 13 ). Because the bubblepoint pressure increases from 359 psia to approximately 700 psia with increase in solution GOR from 6.5 to 12.2 vol/vol, the initial pressures for these three tests were different, but the initial expansion rate was the same (2 cm 3 /day). The initial pressures were: p initial ‫585ס‬ psia for Test 7, p initial ‫007ס‬ psia for Test 11, and p initial =860 psia for Test 12. During singlephase flow, the pressure decline rates for these three tests were close. The initial supersaturation pressure at gas appearance on the surface of the coreholder was different for these three tests. For Test 7, after the pressure dropped to the critical-supersaturation pressure at approximately 337 psia, it remained constant for approximately 6 to 8 hours and then increased 14 psi. Subsequently, the pressure decreased at a nearly constant rate of 4 psi/day. For Test 11, after the pressure dropped to 481 psia, it remained constant for approximately 5 hours and increased 4 psi before it continued decreasing at a rate of approximately 7 psi/day. Note that this rate was higher than that for Test 7 after gas formation in the core. The pressure decline rate gradually decreased between ⌬V‫ס‬ 0.02 and 0.13 PV. Thereafter, the pressure decreased at a nearly constant rate close to that for Test 7. For Test 12, the pressure continued decreasing rapidly below the bubblepoint pressure (700 psia). No pressure rebound was observed after gas bubbles began to appear on the surface of the coreholder. The pressure decline rate gradually decreased with expansion volume after gas formation. The average pressure decline rate between ⌬V‫20.0ס‬ and 0.085 PV was approximately 11.2 psi/day.
The pressure data in Fig. 13 show that solution GOR has a significant effect on pressure evolution. The gas-bubble nucleation observed on the surfaces of the coreholder for Tests 11 and 12 was different from that for Test 7. For Tests 11 and 12, gas bubbles were hard to detect, even when the pressure began to drop at a slower rate, due to gas-bubble formation. For Test 11, the first gas bubble was observed at p‫184ס‬ psi on the upper surface of the coreholder; the increase in the number of gas bubbles was also slow compared to that for Test 7. The total gas bubbles increased to approximately 10 in 24 hours and increased slowly with expansion volume. At ⌬V‫62.0ס‬ PV, gas bubbles increased to approximately 300 to 350 and all gas bubbles were isolated in the oil phase; the diameter of the gas bubbles was approximately 0.1 to 0.2 mm. The gas bubbles were more concentrated on the upper surface of the coreholder. Thereafter, we observed an increase in number of gas bubbles and bubble size continuously. At ⌬V‫ס‬ 0.27 PV, the total number of gas bubbles was approximately 500 and the diameter of the gas bubbles was approximately 0.3 to 0.4 mm. The gas bubbles were evenly distributed from top to bottom with expansion volume. Compared to Test 7, we found that gasbubble nucleation and growth rates at the early period of gas formation in the core were slow for Test 11. However, we found that the gas-bubble density continued to increase with expansion volume, revealing that persistent supersaturation is longer for Test 11. Fig. 14 shows the gas-bubble distribution on the core surface at various periods of depletion for Tests 7 and 11. At ⌬V‫40.0ס‬ PV, the gas bubbles on the surface for Test 11 were approximately 10% of that for Test 7; at ⌬V‫70.0ס‬PV, some of the gas bubbles became connected for Test 7, but the gas bubbles were still isolated in the oil phase for Test 11; from ⌬V‫70.0ס‬ to 0.09, the gas bubbles for Test 11 increased significantly and some gas bubbles became connected. At ⌬V‫62.0ס‬ PV, the gas bubbles for Test 11 had a higher bubble density than that for Test 7, indicating quick increase in gas bubbles for Test 11 during a later period of deple- (GOR=12.2), 11 (GOR=9.0), and 7 (GOR=6.5) . tion. A similar phenomenon was observed for Test 12. The final gas-bubble density on the surface of the coreholder shows the order of Test 12>Test 11>Test 7. This increase may be due to the effect of interfacial tension on the work of bubble formation 2, 8 and a profound effect of increase in depletion rate on supersaturation for high-GOR oil. No supersaturation was detected at the end of Tests 11 and 12.
Differential Pressure. The differential pressure data for Tests 7, 11, and 12 are presented in Fig. 15 . In the single-phase flow, the differential pressure was about 0.72 psi for Test 11 and 0.5 psi for Test 12. Because the core permeability in Tests 11 and 12 was the same (the same core was used), decrease in differential pressure from 0.72 to 0.5 psi was caused by decreasing oil viscosity from 42,500 cp (GOR‫9ס‬ vol/vol) to 31,000 cp (GOR‫2.21ס‬ vol/vol). A significant difference between Test 7, and Tests 11 and 12 was the differential pressure increase after gas formation in the core; it increased from 0.65 to 0.95 psi for Test 11 and from 0.9 to 1.34 psi for Test 12 until gas bubbles became mobile (at ⌬VӍ0.09 PV). This indicates that the process of gas-bubble nucleation lasted longer when the solution GOR was higher. Unlike Test 7 and the results in Ref. 5 , for which nucleation is of instantaneous nature, Tests 11 and 12 are described by progressive nucleation. 6, 8 After gas began to flow out of the core, the differential pressure showed a similar pattern for these three tests. The intensity of differential pressure fluctuation increased with expansion volume and the average pressure was higher than that for single-phase flow. However, the intensity of differential pressure gradually decreased with expansion volume for ⌬V>0.44 PV for Test 12.
Gas and Oil Production. Fig. 16 presents oil recovery vs. expansion volume for Tests 7, 11, and 12. The gas began to flow out of the core at recoveries of 8.2% for Test 7, 10% for Test 11, and 11% for Test 12; the critical gas saturation is 6.5% for Test 7, 8.5% for Test 11, and 9.8% for Test 12. Therefore, one may conclude that the increase in solution GOR increases the critical gas saturation. The oil recovery after gas breakthrough shows a complicated trend due to continuous supersaturation. For Test 7, the oil recovery at test termination is the most efficient among these three tests before ⌬V‫63.0ס‬ PV. The oil recovery for Test 11 showed the least efficiency. The final oil recovery was 21% for Test 12, 18.5% for Test 7, and 17% for Test 11. The corresponding gas and oil relative permeabilities for Tests 7, 11, and 12 are shown in Fig. 17 . The open symbols are the gas relative permeability and the solid symbols are the oil relative permeability. For Test 12, we obtained the relative permeability data to S g ‫.%02ס‬ This is the highest gas saturation we have obtained in this work. Gas relative permeability data presented in Fig. 17 do not show a clear trend with GOR; it is higher for GOR‫0.9ס‬ than for GOR‫,2.21ס‬ but lower for GOR‫.5.6ס‬ At S g ‫,%02ס‬ the oil relative permeability is approximately 0.1. On the whole, we find that the solution GOR has less effect on both the gas and oil relative permeabilities than either temperature or initial water saturation.
In the following, we will offer our intrepretation of Tests 11 and 12, as well as some further discussion related to all the tests.
Discussion
Initial Water Saturation. The effect of initial water saturation on solution-gas drive in heavy oils has not been studied in the past. Trapped water and water film could change the surface properties of a rock or micelles in a crude, 9 which can in turn affect nucleation and growth process. In general, a gas bubble is formed from an active site, either from solid surfaces or in the bulk-liquid phase. The work of forming a critical nucleus on a substrate is generally less than that in the bulk phase and therefore it is more likely to form a bubble on the substrate in pure fluids. However, in a complex fluid such as crude, asphaltene micelles can serve as nucleation sites in the bulk-liquid phase. We are ruling out the presence of gas pockets (clusters) in the crevices of porous media because of the approach which was used in establishing the initial situation. We also believe that such gas clusters are absent in undersaturated heavy oil reservoirs.
For Tests 7 and 8 (and 9), clean Ottawa sand was used for every test; we could assume that the nucleation sites were initially the same. However, the initial water saturation (as in Tests 8 and 9) could deactivate some nucleation sites through covering sand surfaces or part of the asphaltene micelles. The initial water saturation normally resides between solid surface and the oil phase as a thin film, or retained at the corners of the pores. Because of the roughness of the rock surfaces, the thickness of water film may not be uniform. Where the water film is thick, some of the nucleation sites could be covered and deactivated. Therefore, the total activated sites for gas-bubble nucleation could decrease by the initial water saturation. This may explain why the initial water saturation reduces gas-bubble density in Tests 8 and 9.
Temperature. The effect of temperature on solution-gas drive in heavy oils is mainly related to the oil viscosity. An increase in temperature decreases oil viscosity significantly. One may also attribute the effect of temperature to diffusion. In the range of temperature variations in this work, if we use a model in which diffusion coefficient is related to the inverse of absolute temperature, there will not be much change in diffusion effect.
Pooladi-Darvish and Firoozabadi 4 have shown that gas mobility in a light oil can be five orders of magnitude greater than that in a heavy oil. We also examined gas mobility for the Hamaca oil in an open space (graduated cylinder) at T‫53ס‬ and 46°C. Approximately 20 cm 3 of Hamaca live oil with GOR‫5.6ס‬ was transferred to a graduated cylinder at atmospheric pressure at T‫53ס‬ and 46°C. We found that the gas liberation rate was approximately three times faster for the oil at 46°C. In the open space, viscous flow resistance is the only force to stop gas flow in the oil phase. Thus, we can conclude that decrease in oil viscosity can increase the gas mobility because of the temperature effect. Increase in gas mobility, therefore, results in decrease in efficiency of cold production for the Hamaca heavy oil. This further confirms our previous conclusions that increase in temperature can reduce cold production efficiency.
Recently Zhang et al. 10 reported the effect of temperature on recovery performance of a heavy oil of 9.51 API gravity from Cold Lake in Canada. Tests were conducted at temperatures of 22, 70, 122, and 175°C. For the tests that were referred to as the low rate (with a pressure decline rate of approximately 71 to 84 psi/day), the recoveries were 17.82, 21.08, 17.49, and 12.72% at temperatures of 22, 70, 122, and 175°C, respectively. These results show that the recovery is highest at 70°C. On the other hand, in our experiments, the recovery decreases with increase in temperature in the 24 to 46°C range. In the work of Zhang et al., 10 it is likely that there is substational variation in supersaturation between the tests at different temperatures because of the high rate of pressure decline of 71 to 84 psi/day. High supersaturation is expected to affect recovery results.
Solution GOR. Increase in solution GOR increases the bubblepoint pressure. As a result, gas-bubble nucleation can occur at a higher pressure where the interfacial tension is lower than at a lower pressure. In general, the lower the interfacial tension, the lower the supersaturation. 2 As a result of reduced supersaturation, the nucleation rate of gas bubbles can be reduced (see Fig. 14a ). Thus, we observed that the critical supersaturation pressure decreases with increase in solution GOR (see Fig. 13 ). However, later, in the test, the combined effect of lower interfacial tension and increase in the expansion rate can result in a continuous bubble formation caused by persistent supersaturation. As a whole, what we have observed in the tests with increasing GOR is further bubble formation in later stages of the test, and higher bubble density at a final stage (see Fig. 14c ). A progressive nucleation (PN) process 6, 9 dominates the gas phase evolution in the core for higher GOR oil.
In all tests from Ref. 5 , and except Tests 11 and 12 in this work, the supersaturation and nucleation except at the start of gas evolution are small. As a result, the relative permeability shows a systematic trend; the relative permeabilities apply to field conditions. However, in Tests 11 and 12, because of a decrease in the gas/oil interfacial tension from an increase in GOR and rate increase, supersaturation and nucleation seem to persist for most of the test duration except at test termination. Because it is likely that there is only a small supersaturation at reservoir conditions, the relative permeability from Test 11 and especially from Test 12 may not apply to reservoir conditions. We recommend further study of the effect of GOR on the cold production efficiency.
Here we should point out that the packing of sands is not believed to have affected the performance of various tests presented in this paper and in Ref. 5 . There is a clear pattern of the effect of initial water saturation, temperature, and solution GOR. In the two tests with initial water saturation, the results are very similar and distinct from all the tests without initial water saturation. Temperature shows a consistent effect in both heavy oils and in a viscous mineral oil. 5 GOR has a more complicated effect because it changes substantially the bubblepoint pressure and the surface tension at the conditions of new gas-phase formation. The work of forming a critical-size nucleus is propotional to interfacial tension to power three. 
Conclusions
We draw the following conclusions from this experimental study: 1. Initial water saturation reduces gas-bubble density; it reduces oil mobility and increases gas mobility. As a result, cold production efficiency may decrease mildly. 2. Increase in temperature decreases cold production efficiency because of a substantial increase in gas relative permeability. This conclusion reconfirms the result in Ref. 5 . There is very little effect of temperature on the critical-gas saturation. 
